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Abstract 
By measuring modulus and phase of either impedance Z or reflection coefficient S11 of differently shaped electrodes which were in 
defined contact with a biological sample, we showed that electrical parameters may be utilized to assess biological functions on a 
three-dimensional (3D) in-vitro system. Using the example of a human hepatic 3D cell model we showed that certain frequency 
domains in the impedance or reflection coefficient spectra may be assigned to specific biological functions, which would possibly 
enable the investigation of preclinical drug metabolism and toxicity testing in-vitro. Furthermore, we comment on assets and 
drawbacks of the electrode designs for the use as a measurement probe in biological studies. 
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1. Introduction and Motivation 
In an effort to understand biological phenomena inside living cell structures, different bio-detection techniques have 
been developed based on mechanical detection, optical analysis, mainly based on tags with fluorescence properties, or 
on electrical techniques [1]. However, most of them require labeling cells with a specific chemical, antigen or 
molecule that can alter cell properties or sometimes even damage them. Electronic detection methods are particularly 
interesting as they can be label-free and enable low-invasive analysis. Cell cultures can be kept in their original state 
and can be reused for further investigations, which facilitates the investigation of the time-dependent reaction of cell 
cultures on specific stimulation with drugs or toxic substances.  
Impedance Spectroscopy (IS), also known as cellular dielectric spectroscopy (CDS) or electric impedance 
spectroscopy (EIS), can be used to measure frequency-dependent changes in the electrical properties of complex 
tissues or single cells by applying defined alternate currents and measuring the complex electric impedance Z. The bio-
impedance of tissue or a cluster of cells is determined by several parameters such as the resistance of the extracellular 
medium and the intracellular cytoplasm, as well as the resistance and capacitance of the cellular membrane. On the 
conceptual level, the cell cytoplasm and extracellular space act as conductive media isolated from each other by the 
cell membranes, which can be represented by a simplified electrical circuit [2], shown in Figure1. 
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Fig. 1. (Left) Basic circuit model of a cell cluster or tissue, characterized by an effective intra- and extracellular resistance Ri and Re, and the 
effective membrane capacitance Cm. (Right) Exemplary simulation of the circuit model with LT-Spice, showing the frequency response curve of the 
impedance Z (modulus and phase).  
 
For the actual measurement of the impedance, an alternate voltage current is applied to the sample with the current 
flowing from a working electrode through and beneath the cell cluster or tissue to a counter electrode. In this 
configuration the cells act as a network of resistors and capacitors which affect the recorded impedance Z. Depending 
on the dielectric properties of the sub-cellular structures three different frequency-dependent main dispersions can be 
FODVVLILHG WKH VR FDOOHG Į- ȕ- DQG Ȗ-dispersions (Fig. 2). 
 
 
 
 
 
 
 
 
 
Fig. 2. Frequency-dependent classification of the three main dispersions according to sub-cellular structures. 
 
According to this classification it is assumed that the low-frequency dielectric behavior up to 10kHz is dominated 
by current flow through membrane ion channels and counter-ion polarization along cell membranes GHQRWHG DV Į-
GLVSHUVLRQ ZKHUHDV WKH ȕ-dispersion in the range between 10kHz and 100MHz is associated with the dielectric 
properties of the cytoplasm-membrane interface, intracellular membrane structures, and the polarization of proteins 
and other organic macromolecules. In this frequency range the reactance of the membrane capacitance short-circuits 
the membrane resistance and the external electric field begins to penetrate into the cell interior. Finally, the third 
GLVSHUVLRQ LQ WKH UDQJH EHWZHHQ 0+] DQG *+] WHUPHG Ȗ-dispersion, is determined by the polarization of free 
and bound water molecules, protein-protein interactions, and the dissociation/association relaxation of small charged 
groups [3]. 
Unfortunately, the contact resistance and capacitance of the measurement electrodes has a major influence on the 
measured impedance Z. The scope of this study is a comparison of differently shaped electrodes with respect to their 
applicability for specific biological questions, which may correlate to the bio-impedance in specific frequency 
domains. 
2. Experimental Setup 
2.1. Human hepatic 3D cell model 
3D environments are more similar to the in-vivo situation than common 2D culture conditions. Therefore we used a 
stable 3D liver cell culture model. Hence, the HepaRG cells were seeded at 1x106 cells on porous plasma activated 
Polystyrene (PS) scaffolds. To differentiate, cells were treated with 1% DMSO for 28 days [4]. After that the cells 
were incubated with the liver toxic compound N-acetyl-p-aminophenol (APAP). Impedance was monitored at various 
time points after treatment for up to 24h. 
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2.2. Electrode configurations 
Various electrode designs, starting from parallel plate like electrodes with 1cm in diameter to needle like and photo 
lithographically structured electrodes with sub-mm electrode spacing were studied. All electrodes were covered with 
Gold (Au) by electroplating to improve bio-compatibility. Figure 3 depicts some of the studied electrode designs. 
 
 
 
 
 
 
 
 
 
Fig. 3. (A) Parallel-plate like electrodes for impedance measurements made of brass. The scaffold is sandwiched between the ground electrode 
(right) and the top electrode (left or middle). (B) Needle-like (front) and photo lithographically structured (back) electrode for impedance 
measurements. 
2.3. Impedance measurement 
Bio-impedance is measured either by directly measuring the complex impedance Z or the reflection coefficient S11, 
defined by S11= (Z-Z0)/(Z+Z0), where Z0 and Z denote the characteristic line impedance and impedance of the sensor, 
respectively. Measurements were done with a commercial impedance and network analyzer (Agilent 4294A and 
E5061B). 
3. Results and Discussion 
As an example for a biological assay, the effect of APAP on a human hepatic 3D cell model was investigated. So 
far, HepaRG cells have been shown as a human 2D model to study mechanisms of hepatotoxicity [5]. Figure 4 shows 
the dose-dependent effect of APAP on the reflection coefficient S11, measured with a needle like electrode by 
penetrating the seeded scaffolds. At a frequency of ~82MHz a pronounced dependence of the measurement signal on 
the APAP-dose can be seen. The right panel of Figure 4 depicts the respective dose-dependent data analysis of 
multiple measurements. It was reported, that the transition region around 100MHz (see Fig. 2) would be caused by the 
dipolar moments of large molecules, such as proteins. Therefore, one can assume that the dose-dependent response to 
APAP at 82 MHz can be caused by the hepatic cell proteins in the HepaRG 3D cell model [6]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (Left) Dose dependent effect of APAP on the reflection coefficient S11 on differentiated HepaRG 3D cell models, measured with a needle like 
electrode. (Right) APAP-dose dependent data analysis of the reflection coefficient S11 of human hepatic cells at 82MHz. 
 
Besides the dose-dependency the time-dependence of cell behavior during and after APAP application was 
investigated. Figure 5 shows the evolution of impedance spectra Z over a time period of 24 hours after the application 
of 10mM APAP, measured with parallel-plate like electrodes with the scaffold in between. The spectra exhibit a 
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decrease in impedance at lower frequencies up to 2MHz over time, indicating the drug-induced degradation of cell 
viability [3]. Note that the general trend of the impedance spectra up to the MHz region is well described by the simple 
electric circuit model depicted in Figure 1. The right panel of Figure 5 shows the time-dependent data analysis of 
multiple measurements at a chosen frequency of 0.1MHz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (Left) Time sequence of the impedance Z after application of 10mM APAP, measured with parallel-plate like electrodes with the cell carrier 
in between. (Right) Time sequence of the impedance Z at 0.1MHz after application of 10mM APAP, measured with parallel-plate like electrodes 
with the cell carrier in between. 
4. Conclusion 
Summarizing, it can be deduced from the measurements that smaller electrodes which sense a more confined 
sample volume are more sensitive to the actual properties of the cells. Indeed bigger electrode structures, like the 
parallel plate electrodes, average over a bigger sample volume, but they also sense much more parasitic current paths 
through the cell medium past the cells. 
Additionally, it appears that different frequency domains seem to correlate with different biological effects. At least 
the time- and the dose-dependent effect of APAP on the human hepatic 3D cell model are most pronounced in 
different frequency regions, reflecting that the measured effects most probably rely on incidents in different sub-
cellular structures, which is the topic of ongoing research. 
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